X-linked dyskeratosis congenita (X-DC) is caused by mutations in the housekeeping nucleolar protein dyskerin. Amino acid changes associated with X-DC are remarkably heterogeneous. Peripheral mononuclear blood cells and fibroblasts isolated from X-DC patients harbor lower steady-state telomerase RNA (TER) levels and shorter telomeres than healthy age-matched controls. Previously, we showed that retroviral expression of recombinant TER, together with expression of recombinant telomerase reverse transcriptase, restored telomere maintenance and proliferative capacity in X-DC patient cells. Using rare X-DC isoforms (△L37 and A386T dyskerin), we showed that telomere maintenance defects observed in X-DC are solely due to decreased steady-state levels of TER. Disease-associated reductions in steady-state TER levels cause deficiencies in telomere maintenance. Here, we confirm these findings in other primary X-DC patient cell lines coding for the most common (A353V dyskerin) and more clinically severe (K314R and A353V dyskerin) X-DC isoforms. Using cell lines derived from these patients, we also examined the steady-state levels of other hinge-ACA motif RNAs and did not find differences in their in vivo accumulations. We show, for the first time, that purified telomerase holoenzyme complexes from different X-DC cells have normal catalytic activity. Our data confirm that dyskerin promotes TER stability in vivo, endorsing the development of TER supplementation strategies for the treatment of X-DC.
INTRODUCTION
Dyskeratosis congenita (DC) is a rare, heritable telomere biology disorder characterized by the diagnostic triad of nail dystrophy, reticular skin hyperpigmentation and oral leukoplakia (1 -3) . Bone marrow failure is the leading cause of mortality of DC. Patients with DC are also at high risk of cancer and other complications related to poor tissue renewal capacity (1, 2, 4, 5) . Autosomal dominant, autosomal recessive and X-linked recessive forms of the disease have been described and linked to genes that encode components of telomerase and telomere-associating proteins (6 -11) . HoyeraalHreidarsson syndrome (HHS) is a severe form of DC (12, 13) . In addition to the diagnostic triad and bone marrow failure, patients with HHS exhibit slow prenatal and postnatal growth, cerebellar hypoplasia, microcephaly, developmental delay and immunologic abnormalities. HHS is a multisystem disorder with significantly earlier morbidity and disease onset than DC. Death often occurs within the first decade of life (12, 13) .
X-DC arises mostly from non-synonymous (missense) amino acid substitutions within the housekeeping protein † The authors wish to be known that, in their opinion, the first three authors should be regarded as joint First Authors. * To whom correspondence should be addressed at: 2146 East Mall, Vancouver, BC, Canada. Tel: +1 6048273314; Fax: +1 6048223035; Email: judy. wong@ubc.ca dyskerin (DKC1) (14) (Supplementary Material, Fig. S1 ). Many HHS cases are also associated with specific missense mutations in dyskerin (12, (15) (16) (17) . Dyskerin is a pseudouridine synthase that catalyzes the isomerization of uridine to pseudouridine in non-coding RNAs (18, 19) . Being an essential gene, targeted deletion of dyskerin is embryonically lethal in mice (20) . As a pseudouridine synthase, dyskerin binds to small nucleolar RNA (snoRNA) and small Cajal body RNA (scaRNA) bearing the signature hinge-ACA motif (H/ACA) (18, 21, 22 ). These snoRNA and scaRNA then act as sequencespecific guides for dyskerin to bind, and then modify targeted RNAs, including ribosomal and spliceosomal RNAs (23, 24) . Dyskerin is also an integral component of the telomerase holoenzyme. Dyskerin binds to the telomerase RNA (TER) H/ ACA domain and protects the in vivo stability of TER (6, 22) . Evidence also indicates that TER harbors pseudouridine modification sites, and in vitro modification of these sites provides structural stability to TER (25) .
Clinical presentations of X-DC are variable but correlate with very short telomeres in peripheral blood leukocytes (26, 27) . Surveys of X-DC patient samples revealed a universal reduction in steady-state TER levels (6, 28, 29) . There are more than 30 known non-synonymous mutations of dyskerin associated with X-DC, and a subset of these are associated with HHS (30) (Supplementary Material, Fig. S1 ). These missense mutations cluster in two distinct regions: the first cluster (amino acids 30 -70) is found near the amino-terminal of the protein, adjacent to the catalytic core and the TruB domains, and the second cluster (amino acids 310-420) overlaps with the RNA-binding PUA domain (31) . A recent report posits that residues along these two mutation clusters form the binding surfaces for the H/ACA pre-ribonucleoprotein complex assembly factor Shq1 (32). Shq1 is a biogenesis factor, acting as a chaperone for dyskerin, preceding the formation of the core dyskerin-Nhp2-Nop10 trimer and the loading of Naf1. X-DC-associated dyskerin mutations were shown to affect the interaction between dyskerin and Shq1, and the resultant decrease in steady-state availability of the mutant dyskerins for pre-ribonucleoprotein (RNP) assembly was postulated as a molecular mechanism for the decrease in telomerase RNP (33) .
Forced expression of two telomerase components, telomerase reverse transcriptase (TERT) and TER, in two selected X-DC patient cell lines from each of the two clusters of X-DC mutations (△L37 and A386T dyskerin), corrects for growth deficiency phenotypes (29) . Molecular characterizations reveal that telomere elongation and maintenance functions are restored by the activities of exogenous telomerase components, without first correcting for dyskerin protein sequence and function. Cell lines with restored telomere maintenance capacity do not exhibit any ribosomal dysfunction (29) . Hence, the current disease model of X-DC stipulates that dyskerin mutations impact telomere biology by affecting the steady-state accumulation of TER (28, 34) . Supplying X-DC cells with an over-abundance of recombinant TER overcomes the deficient TER accumulation caused by dyskerin protein mutations, supporting the use of recombinant telomerase expression as a viable clinical strategy.
Beyond promoting TER accumulation, dyskerin remains in the active telomerase holoenzyme complex. Conceivably, some dyskerin variants could also change the catalytic activity of the assembled ribonucleoprotein enzyme. This has important implications for clinical therapy: in addition to increasing the expression of wild-type (WT) TER to compensate for reduced accumulations, one would also need to compensate for an altered dyskerin sequence and a lower specific activity of telomerase. Studies of mouse models engineered to express specific X-DC-associated dyskerin variants suggest that not all dyskerin variants have the same impact on TER and telomerase function. Testing patient cells with common isoforms, and those with clinically severe isoforms, of X-DC-associated dyskerin variants is essential to establish the generality of prior conclusions.
RESULTS
Expression of telomerase components restores telomerase activity and telomere maintenance in X-DC patient fibroblasts Stable expression of TERT, mediated by retroviral or other gene transfer methods, confers replicative immortality and stable telomere length maintenance in human fibroblasts (34 -36) . We previously showed that in contrast to immortalization of WT human fibroblasts, restoring stable telomere maintenance in X-DC cells requires the recombinant expression of TER in addition to TERT (29) . In this study, we used the same telomerase component expression scheme (Fig. 1A) to restore stable telomere length maintenance in three new X-DC patient fibroblast lines encoding for K314R, R322Q and A353V dyskerin. All three mutations are in the carboxy-terminal cluster of mutations within the conserved PUA RNA-binding domain. Notably, both K314R and A353V dyskerin are reported to associate with the HHS variant of DC, in addition to X-DC (31) .
We confirmed the restoration of telomerase activity with telomere repeat amplification protocol (TRAP) activity assays (Fig. 1B) . X-DC cells expressing TERT and TER exhibited TRAP activity profiles similar to, or slightly higher than, WT dyskerin control cells receiving TERT alone. For cells forced to express TERT alone, X-DC cells' telomerase activity was at least 2.5-fold lower than control cells expressing WT dyskerin. The three new X-DC cell lines showed similar reductions in reconstituted telomerase activity, following the forced expression of TERT, in agreement with prior established X-DC models (29) and primary patient materials (28) , which showed 2 -5-fold reductions in TER accumulation and TRAP activity.
Following the co-expression of TERT and TER in X-DC cells, increased telomerase activity was accompanied by telomere length maintenance. This was not the case in X-DC cells expressing TERT alone (Fig. 1C) . Increases in telomere restriction fragment (TRF) length occurred soon after retroviral infection and persisted over many population doublings. Analysis of the morphology and proliferation pattern of these 'telomerase-rescued' X-DC cells did not reveal any substantial growth defects or loss of viability compared with WT cells expressing TERT alone (Fig. 1D ). Dyskerin protein levels in X-DC cells and WT cells were similar following retrovirus-directed TERT and TER expression (Supplementary
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Material, Fig. S2 ). X-DC-associated dyskerin mutations, including the A353V mutation tested here, were recently reported to affect the pre-RNP assembly of dyskerin with its biogenesis factor Shq1 (33) . Increased association (with A353V, T49M and M350I) and decreased association (with T66A and M350T) between dyskerin variants and Shq1 were both suggested to reduce the availability of dyskerin for pre-RNP assembly with other core H/ACA proteins, thus reducing the steady-state levels of TER -H/ACA RNP complexes. Our data showed that these pre-RNP assembly deficiencies, at least in the case of A353V dyskerin, could be overcome by the recombinant over-expression of TER. We also demonstrated that recombinant TER over-expression could be a viable option in the clinical treatment of X-DC, as recombinant TER expression restored efficient telomere length maintenance in X-DC cells, comparable with the levels observed in WT controls.
Steady-state TER levels are dependent on the DKC1 genotype Short telomeres have a strong correlation with clinically significant telomere biology disorders (26, 37) . Current models of X-DC pathology posit that the maintenance of telomeres by telomerase is limited by steady-state TER accumulations (38, 39) . We have shown that various X-DC dyskerin isoforms differently affect steady-state TER accumulations (28, 29) . To broaden this observation with the new panel of X-DC cells, we used a previously described competitive reverse transcription polymerase chain reaction (RT -PCR) assay to quantify endogenous TER copy numbers.
In agreement with our prior data, WT control fibroblasts showed the largest pool of steady-state TER (28, 29) . Expression of mutant dyskerin isoforms variably impacted steady-state TER levels, with △L37 and A386T producing significantly lower TER levels than other isoforms. Steadystate TER levels were reduced to 26 and 16% of those in WT cells ( Fig. 2A) . The three PUA domain mutants (K314R, R322Q and A353V) showed moderate reductions in steady-state TER levels: 54, 62 and 60% of WT cells respectively. Notably, we found steady-state TER levels to be compromised for all X-DC isoforms examined, confirming the generality of the observation that X-DC disease etiology is strongly associated with reduced TER steady-state accumulation.
Using the same competitive RT -PCR protocol, we verified that forced TER expression in X-DC cells leads to increased TER accumulation, higher than levels in WT control cells (Fig. 2B) . These data confirm that the forced expression of TER, under a heterogeneous promoter, can overcome defective in vivo steady-state accumulations conferred by X-DC dyskerin mutations. Interestingly, the steady-state levels of TER, under transcriptional regulation by the housekeeping U3 (C/ D-box snoRNA) promoter, exhibited marked variations in steady-state TER accumulations. We inferred that recombinant TER steady-state accumulation was most strongly influenced by the chromatin neighborhood through stochastic retroviral integration, rather than dyskerin functional status.
Levels of selected H/ACA RNAs, or their targets, are not affected by DKC-1 mutations
We had previously reported that the steady-state accumulation of other H/ACA small nuclear RNAs were not affected by X-DC-associated dyskerin variants. We tested the steady-state accumulation of these RNAs in Q31E and T66A mutant dyskerins which occur in the N-terminal mutational hotspot (28) . In contrast, a recent report posited that X-DC-associated 
724
Human
dyskerin mutations affect the pre-RNP assembly of the H/ACA complex, inferring that the stability of all H/ACA RNPs, and not just the telomerase RNP, could be compromised (33) . Using the newly constructed X-DC cell models, we performed Northern blot analysis of steady-state levels of representative H/ACA RNAs, including the U17(E1), E3 and U64 RNAs. We also examined the accumulation of two pseudouridinylase modification targets: the small nuclear RNA U2 (targeted by the H/ACA-scaRNAs ACA26, ACA35, ACA45, U92, U93 and U100) and U5 (targeted by the H/ACA-scaRNAs ACA57, U85, U87, U88, U89 and U93; Fig. 3A) . The steady-state accumulations of C/D-box snoRNA U3, as well as the signal recognition particle RNA (7SL), were used as controls. Consistent with our previous data using peripheral mononuclear blood cells from X-DC patients, we did not observe any statistically significant differences in small RNA accumulations in X-DC cells with an N-terminal (△L37) mutation, nor in X-DC models harboring the Cterminal PUA domain (K314R, R322Q, A353V and A386T) dyskerin mutations (Fig. 3B) . In parallel, we examined the steady-state levels of 28S and 18S ribosomal RNAs from our X-DC cell model collection. Together, the 28S and 18S rRNAs contain the largest sum of pseudouridine modification target sites, and 10% of the total uridine residues were pseudouridine modified. We did not find any significant differences between WT and X-DC cells in 28S and 18S ribosomal RNA accumulations (Supplementary Material, Fig. S3 ). We conclude that PUA domain dyskerin mutations do not generally compromise steady-state accumulation of H/ACA RNAs, and thereby affect the in vivo stability of their modification targets (U2 and U5 RNAs, as well as 18S and 28S rRNAs). Conceivably, in vivo half-lives of H/ACA RNAs, other than TER, may be minimally affected by the loss in pre-RNP assembly, and our assays to measure steady-state levels of these RNAs are not able to reveal these perturbations. This is not a comprehensive test for all available H/ACA-containing small RNAs and therefore we cannot rule out that some specific small RNAs could be affected by X-DC-associated dyskerin mutations in a manner analogous to decreased steady-state accumulation of TER. Further, systematic testing using assays more sensitive than Northern blots may confirm whether such small RNA species exist.
The specific catalytic activity of telomerase is unaffected by DKC-1 mutations
Biochemical purifications of telomerase holoenzyme from human cells show that dyskerin remains in stable association with core catalytic components of the telomerase holoenzyme throughout its in vivo lifespan (40) . Although we have shown that the over-expression of telomerase components can overcome deficient telomere synthesis in X-DC, it is not known whether the presence of mutant dyskerin in the assembled telomerase holoenzyme can compromise its catalytic activity.
To measure the specific catalytic activity of the telomerase holoenzyme, we performed a series of immunoprecipitation experiments with anti-dyskerin antibodies from whole cell extracts prepared from X-DC fibroblasts stably expressing telomerase components. Anti-dyskerin immunoprecipitates are comprised of a mixture of TER complexes, which may (catalytically active RNP) or may not (catalytically inactive RNP) contain a TERT molecule, in addition to other dyskerincontaining nucleolar ribonucleoprotein complexes. To ensure that we are measuring equal number of active RNPs, we standardized our telomerase activity measurements with TERT signals. TERT protein levels were determined with immunoblotting analysis for each anti-dyskerin immunoprecipitate sample. Quantified TERT protein levels were then used to normalize the anti-dyskerin immunoprecipitate input for the determination of telomerase activity by TRAP. This normalization procedure allowed us to measure the relative activity of purified telomerase holoenzyme complexes that contain both dyskerin and TERT in a manner that is directly proportional to the number of holoenzyme units that were presented in the immunoprecipitated samples (Fig. 4A) . Using endogenously assembled telomerase holoenzyme isolated from X-DC fibroblasts ensured that each complex contained the mutant form of dyskerin protein. By comparing TRAP activity profiles of immunoprecipitates isolated from X-DC and WT cells, we assessed the activity of holoenzyme complexes containing mutant versus WT dyskerins. Our quantitative immunoprecipitation-western-TRAP data revealed that telomere repeat addition activity per holoenzyme unit did not differ between X-DC isoforms and control WT dyskerin (Fig. 4B) . We also tested the activity profiles of recombinant WT and X-DC dyskerin-containing telomerase complexes assembled in a heterologous system (293 HEK cells). Again, we did not detect any substantial differences in specific telomerase catalytic activity between WT or X-DC dyskerin-containing telomerase holoenzymes, confirming our data obtained from primary human cells ( Supplementary  Material, Fig. S4 ). The presence of X-DC-associated (mutant) dyskerin isoforms did not adversely affect telomere repeat catalysis by the assembled telomerase holoenzyme, indicating that the reduced telomerase activity in X-DC is due to a lower steady-state TER accumulation rather than enzymatic defects in telomere repeat synthesis.
DISCUSSION
We previously demonstrated that telomere-length-maintenance defects in DL37 and A386T X-linked DC patient fibroblasts arise solely from reduced accumulation of TER. Stable expression of TER transgene phenotypically rescues the telomere-length-maintenance defects in these two X-DC cell models. In this study, we examined and characterized an extended panel of X-DC patient fibroblasts. The A353V dyskerin mutation is the most common genetic lesion associated with X-DC, and together with K314R encodes for protein isoforms that are associated with the severe HHS variant of DC. Our study shows that X-DC disease etiology strongly associates with limited TER steady-state accumulation. We also report the first biochemical measurement of the specific activity of telomerase holoenzyme purified from different X-DC patient cells. Our data indicate that the specific activity of the telomerase holoenzyme is not affected by coding sequence changes in its obligate cofactor dyskerin, but is due to the reduction in TER accumulation.
Patients with X-DC have an early age of onset of bone marrow failure, very short telomeres and numerous other medical complications. Conceivably, restricted telomere maintenance brought on by reduced steady-state TER levels could be corrected by clinical interventions before disease onset (39) . Recently, two studies examining the characteristics of telomere maintenance capacity with induced pluripotent stem cells (iPSC) derived from DC samples. The first study reported the significant gain in mean telomere length of X-DC cells upon iPSC conversion, ascribed to the up-regulation of TERC. This gain in telomere length in iPSC, however, is not believed to be clinically relevant as TRF loss following re-differentiation of these iPSC populations will be substantial (41) . In contrast, a second study using the iPSC derived from the same X-DC sample Figure 4 . Telomerase catalytic activity is not affected by X-DC-associated dyskerin mutations. (A) Schematic and rationale of the immunoprecipitation and normalization procedure. Each TRAP activity profile was determined with a calculated input anti-dyskerin immunoprecipitate, normalized for TERT content, shown immediately above the TRAP products. (B) Representative immunoprecipitation-western-TRAP experiment. There were no observable differences between telomerase holoenzyme activities isolated from WT versus X-DC isoforms. TRAP activity profiles of a 5-fold dilution series are shown. Each IP-western-TRAP experiment was repeated at least three times with similar results. We also performed TRAP assays with the same immunoprecipitates in a 2.5-fold dilution series, and similar results were obtained.
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recapitulates the accelerated telomere attrition phenotypes (42) , even without re-differentiation attempts. Conclusions from both studies argued that the development of clinical therapies using X-DC iPSC is contingent on being able to restore optimal telomerase activity to these cells. The lack of dyskerin mutation effects on telomerase catalysis and the consistent decrease in steady-state levels of TER in X-DC should encourage the development of parallel clinical therapies to boost TER levels, particularly in ex vivo transplant materials, for disorders of telomere biology such as X-DC and specific forms of autosomal dominant DC.
MATERIALS AND METHODS

Construction of X-DC cell lines
Patients with X-DC were participants in the National Cancer Institute's IRB approved Inherited Bone Marrow Failure Syndromes (IBMFS) study (http://marrowfailure.cancer. gov, protocol number 02-C-0052, NCT00056121) (43) . The IBMFS study collects detailed clinical information and laboratory studies of patients with DC and other IBMFS. Skin biopsies were obtained from patients with K314R, R322Q and A353V dyskerin mutations with informed consent from each patient or their parent. Identity-blinded primary fibroblast lines were created using standard protocols. Retroviral vector-mediated expressions of TERT and TER were performed as previously described (29, 44) (Fig. 1A) . Frozen aliquots of established K314R (PDL3), R322Q (PDL2) and A353V (PDL3) fibroblasts were thawed, allowed to recover in culture until fibroblasts were settled and then infected with the respective viruses directly. Following infection, cells were selected with the appropriate antibiotic (hygromycin or puromycin) and grown in mass culture. The first passage following antibiotic selection was set as PDL1. X-DC cells with △L37 and A386T dyskerins stably expressing telomerase components (TERT alone or TERT with U3-TER) were obtained with permission from the Laboratory of Kathleen Collins in Berkeley (29) .
Whole cell lysate and telomerase activity assay Cells were harvested and whole cell extracts were isolated with previously described protocols (29, 44) . Protein concentrations were determined using the Bradford protein assay (BioRad). Telomerase activity was measured with the TRAP, with slight modifications, as described. In brief, whole cell extracts, in a 5-fold dilution series, or other serial dilution series as stated, were incubated in 1× TPCR buffer, 50 mM dNTP and 0.1 mg M2 primer (5 ′ -AATCCGTCGAGCA GAGTT-3 ′ ) for 1 h at 308C, followed by 3 min at 958C. The products were then amplified by PCR, with the addition of 1× TPCR buffer, 0.1 mg Cy5-fluorophor-labeled CX3 reverse primer (CY5-5 ′ -CCGCCCCTAACCCTAACCT-3 ′ ) and 1.25 U Pfu polymerase enzyme. The reactions were subjected to 27 cycles of PCR (30 s at 948C, 30 s at 508C and 90 s at 728C). TRAP products were resolved on nondenaturing polyacrylamide gel electrophoresis (PAGE), and the fluorescent images were obtained with a Typhoon Imager, fitted with the appropriate laser and filters (GE Healthcare Life Sciences).
Genomic DNA isolation and terminal restriction fragment analysis
Genomic DNA, from continuous cultures of X-DC cells, was collected using standard protocols (45) . After quantification by optical density (OD), genomic DNA was digested overnight with RsaI and HinfI endonucleases. Digested samples were phenol:chloroform:isoamyl alcohol purified and sodium acetate/ethanol precipitated. Picogreen fluorescent dye was used to quantify digested genomic DNA, and 1 mg of digested DNA was resolved by agarose gel electrophoresis, followed by in-gel hybridization with radioactively end-labeled telomeric repeat DNA oligo (TTAGGG) 3 . Southern blot images were acquired using storage phosphor screen and a Typhoon Imager (GE Healthcare Life Sciences).
Signal quantification was performed using the ImageQuant (v. 5.2) software. TRF length was determined as a weighted average. The entire gel image was divided into horizontal segments corresponding to the size markers. To obtain the TRF score for each sample, the OD of each horizontal segment was multiplied by the length corresponding to the respective segment, summed, and then divided by the sum of the OD of all segments (i.e. TRF ¼ S(ODi * Li)/SOdi, where ODi is optical density at interval i, and Li is average length at interval i). TRF lengths are reported as kilobase, to one decimal place.
Anti-dyskerin immunoprecipitation
Whole cell lysates from different X-DC cells were immunoprecipitated with an anti-dyskerin (Santa Cruz Biotechnology Inc.) antibody, according to the published protocols (6, 46) . The immunoprecipitates were divided into equal aliquots and stored in IP wash buffer. One aliquot of the anti-dyskerin immunoprecipitates was assayed for TERT protein levels, using standard immunoblotting analysis. Following quantification of TERT protein levels by densitometry, equivalent amounts of immunoprecipitate, normalized to the TERT content from each IP, were subjected to TRAP to measure corresponding telomerase activities.
Protein measurement by western blot
Equal amounts of anti-dyskerin immunoprecipitates, or 50 mg whole cell extracts, were resolved in non-continuous Trisglycine sodium dodecyl sulphate gels. Following polyvinylidene fluoride (PVDF), the resolved protein samples were transferred to PVDF membranes (GE HealthCare Life Sciences). PVDF membranes were incubated with hTERT primary antibodies (Epitomics Inc.), or the dyskerin polyclonal antibodies and control beta-actin monoclonal antibodies.
Protein signals were detected using chemiluminescence, with the ECL western blotting kit (GE Healthcare Life Sciences). Densitometry and the ImageJ software (NIH) quantified protein signal.
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Small RNA quantification by Northern blot
Total RNA from telomerase-rescued X-DC fibroblasts was isolated with TriZol reagent according to the manufacturer's protocol. Following quantification of RNA samples with spectrophotometry, isolated RNA samples were run on 1% denaturing 3-(N-morpholino)propanesulfonic acid gel and stained with SybrGreen II RNA stain (Molecular Probes). The 28S and 18S rRNA ratio was measured for each collected RNA sample. Image collection and densitometry were done according to the manufacturer's protocol using the Typhoon Imager and the ImageQuant software. For Northern analysis, 20 mg of total RNA was separated by polyacrylamide gel electrophoresis on denaturing 5% polyacrylamide-urea gel. Size-separated RNAs were transferred onto the Hybond N+ nylon membrane. Northern hybridization signals, following a probe with end-labeled oligomers against various small RNAs, were quantified using a storage phosphor screen and the Typhoon imager. Densitometry and image processing were performed with the ImageQuant software.
TER copy number measurement by competitive RT -PCR
TER was quantified with slight modifications to a previously published protocol (28) : the forward primer was labeled with a CY5 fluorophor tag to allow for fluorescent imaging of the amplified products. Following RT-PCR and product resolution with non-denaturing PAGE, fluorescent images were obtained by scanning with a Typhoon imager fitted with the appropriate filters. Using the ImageQuant software for signal quantification, a rough estimate of the total TER copy number was determined and a second RT -PCR was performed using sample-specific ranges of TER competitors in a 2-fold dilution series.
The RT -PCR products were resolved by non-denaturing PAGE, stained with SybrGreen I, according to the manufacturer's protocol (Molecular Probes) and imaged with a Typhoon Imager. Densitometry readings were quantified with ImageQuant software.
